In the three-dimensional extracellular matrix of the insect cuticle, horizontally aligned microfibrils composed of the polysaccharide chitin and associated proteins are stacked either parallel to each other or helicoidally. The underlying molecular mechanisms that implement differential chitin organization are largely unknown. To learn more about cuticle organization, we sought to study the role of chitin deacetylases (CDA) in this process. In the body cuticle of nymphs of the migratory locust Locusta migratoria, helicoidal chitin organization is changed to an organization with unidirectional microfibril orientation when LmCDA2 expression is knocked down by RNA interference. In addition, the LmCDA2-deficient cuticle is less compact suggesting that LmCDA2 is needed for chitin packaging. Animals with reduced LmCDA2 activity die at molting, underlining that correct chitin organization is essential for survival. Interestingly, we find that LmCDA2 localizes only to the initially produced chitin microfibrils that constitute the apical site of the chitin stack. Based on our data, we hypothesize that LmCDA2mediated chitin deacetylation at the beginning of chitin production is a decisive reaction that triggers helicoidal arrangement of subsequently assembled chitin-protein microfibrils.
In the three-dimensional extracellular matrix of the insect cuticle, horizontally aligned microfibrils composed of the polysaccharide chitin and associated proteins are stacked either parallel to each other or helicoidally. The underlying molecular mechanisms that implement differential chitin organization are largely unknown. To learn more about cuticle organization, we sought to study the role of chitin deacetylases (CDA) in this process. In the body cuticle of nymphs of the migratory locust Locusta migratoria, helicoidal chitin organization is changed to an organization with unidirectional microfibril orientation when LmCDA2 expression is knocked down by RNA interference. In addition, the LmCDA2-deficient cuticle is less compact suggesting that LmCDA2 is needed for chitin packaging. Animals with reduced LmCDA2 activity die at molting, underlining that correct chitin organization is essential for survival. Interestingly, we find that LmCDA2 localizes only to the initially produced chitin microfibrils that constitute the apical site of the chitin stack. Based on our data, we hypothesize that LmCDA2mediated chitin deacetylation at the beginning of chitin production is a decisive reaction that triggers helicoidal arrangement of subsequently assembled chitin-protein microfibrils.
In the 60s and 70s of the last century, Neville (1) pioneered studies of chitin organization in the cuticle of insects. He elegantly described chitin organization levels by ultrastructural analyses using especially the migratory locust Locusta migratoria as a model insect. Chitin, the polymer of ␤-1,4-linked N-acetylglucosamine residues, interacts with proteins to form microfibrils that are aligned in parallel constituting horizontal sheets (laminae). These sheets are stacked either helicoidally or with unidirectional microfibril orientation along the vertical axis of the cuticle (2) . In the locust tibia, helicoidal and nonhelicoidal laminar organization alternate periodically reflecting different mechanisms of chitin production and orientation (2) . This organization might have a yet unexplored impact on the mechanical properties of the cuticle. Cuticular pore canals connecting the cell surface with the cuticle surface follow chitin orientation; in helicoidally arranged laminae, they are crescentic (a term used by Neville) , but in regions of non-helicoidal laminae they are straight (3, 4) . Conceivably, chitin organization depends on cuticle proteins that interact with chitin. In a few recent studies, it was demonstrated that so-called CPR (cuticular protein with a Rebers and Riddiford consensus domain) proteins determine hardness in the elytra of the red flour beetle Tribolium castaneum (5, 6) .
Neville added another level of complexity to the question of cuticle organization. It had been observed that every fifth or sixth sugar residue in chitin is deacetylated (7) . He speculated that chitin and the partly deacetylated form of chitin, called chitosan, might be recognized by different sets of yet unidentified proteins. Chitin deacetylation is not a spontaneous event but requires the activity of chitin deacetylases (CDAs) 4 that belong to the carbohydrate esterase family 4 (CE-4) (8) .
Recent phylogenetic analyses of CDA sequences from four insect species showed that insect CDAs can be classified into five groups based on sequence similarity and domain diversity (9) . Group I includes CDA1 and CDA2 that have a chitin-binding peritrophin-A domain (ChBD), a low-density lipoprotein receptor class A domain (LDLa), and a polysaccharide deacetylase-like catalytic domain. Group II is composed of CDA3 that has the same domain composition as members of group I CDAs. The overall sequence similarity is, however, as low as 38%. Groups III and IV include CDA4 and CDA5, respectively, which along with the deacetylase signature have a ChBD but no LDLa domain. They differ in the length of the linker sequence between these two domains. Group V harbors CDA6, CDA7, CDA8, and CDA9 that are only characterized by a deacetylase domain.
According to the localization of enzymes, insect CDAs can be separated into two subgroups comprising midgut-specific CDAs and non-gut (including epidermal) CDAs. Several midgut-specific chitin deacetylases supposedly modifying the structure of the chitinous barrier called the peritrophic matrix have been identified to date in various insects such as Trichoplusia ni (10) , Helicoverpa armigera (11) , Mamestra configurata (12, 13) , Bombyx mori (14) , and T. castaneum (15) . However, the cellular function of these enzymes remains elusive.
More functional data are available on the non-gut CDA group proteins that are abundant in the cuticle or the tracheal system. In the fruit fly Drosophila melanogaster, the chitin deacetylases Serpentine (Serp, CDA1) and Vermiform (Verm, CDA2) contribute to the assembly of a luminal chitin rod that is involved in tracheal tube length regulation (16, 17) . Indeed, it was shown that serp and verm mutant embryos displayed elongated and tortuous tracheal tubes (16) ; additionally, loss of Serp and Verm function causes disorganization of the larval cuticle (18) . In the eastern spruce budworm Choristoneura fumiferana down-regulation of the CfCDA2 gene, which produces two transcripts CfCDA2a and CfCDA2b, causes molting failure (19) . In the brown planthopper Nilaparvata lugens, down-regulation of NlCDA1 and NlCDA2 that are abundant in the integument is lethal (20) . CDAs were intensively studied in the red flour beetle T. castaneum (15) . TcCDA1, TcCDA2, and TcCDA5 are expressed in the carcass, and reduction of TcCDA1 and TcCDA2 expression impeded cuticle shedding. Despite these numerous reports, the impact of CDAs on cuticle architecture has not been investigated extensively.
To investigate CDA function in insect cuticle organization in detail, we used Neville's model insect L. migratoria, which is one of the most destructive agricultural pests worldwide (21) . In this study, we focused on the L. migratoria Verm orthologue LmCDA2. By using the EST Database of Migratory Locust (22) , transcriptomic data (23) , and genomic data (24), we first identified the respective transcript and its expression profile at different developmental stages and in different tissues of the insect. For functional analyses, we examined the organization of the nymphal cuticle after injection of dsRNA to down-regulate the expression of LmCDA2. Our data indicate that LmCDA2 is needed for helicoidal chitin organization and procuticle compactness in the body cuticle. With this finding, we have identified LmCDA2 as a central factor in chitin organization, a fundamental biological process formulated by Neville 50 years ago (1, 7) .
Results
Identification and Characterization of LmCDA2-We identified LmCDA2 coding transcripts from the L. migratoria transcriptome database. Based on sequence analyses, we found two LmCDA2 alternative splicing variants. Comparing the cDNA sequences with the genomic sequence, nine exons spanning a 2.9-kb fragment were recognized. The alternative splicing vari-ants were both composed of eight exons. The alternatively spliced exons were the third and fourth exons that we named exon 3a and 3b, respectively (Fig. 1A) . The open reading frame of LmCDA2a and LmCDA2b was 1623 and 1605 bp encoding a protein of 541 and 535 amino acids, respectively. Both proteins, named LmCDA2a (KR537804) and LmCDA2b (KR537805), contain a signal peptide, a ChBD domain, an LDLa domain, and a chitin deacetylase (CDA) domain ( Fig. 1B) , which is similar to CDAs of T. castaneum (15) . Phylogenetic analyses using fulllength sequences revealed that LmCDA2a and LmCDA2b belong to insect group I CDAs (Fig. 1C) . Additionally, to avoid masking effects of identical sequences in the alternative splicing CDA2 variants, we constructed a phylogenetic tree using only the sequences encoded by exon 3a/b, both of which code for a ChBD motif, and respective sequences in CDA2s of other insect species. This sequence comparison indicated that in all cases the CDA2a and CDA2b isoforms collectively grouped in two separate branches, suggesting early divergence of two different CDA2 variants in insects ( Fig. 1D ).
Tissue-specific and Developmental Expression Analysis of LmCDA2-To determine the tissue specificity of LmCDA2 expression, seven different tissues, including integument, foregut, midgut, hindgut, gastric caeca, Malpighian tubules, and fat body, were dissected from day 6 of the fifth-instar nymphs, and mRNA expression was examined by using RT-qPCR. The results of RT-qPCR showed that both LmCDA2a and LmCDA2b have the highest expression levels in the foregut, although their expression is low in the other tissues tested (Fig.  2 , A and C). To explore the stage-dependent expression pattern of LmCDA2, mRNA expression levels in the integument at days 1-7 of fifth-instar nymphs were monitored by RT-qPCR. The expression of LmCDA2a and LmCDA2b was highest at the first 2 days and lower in the remaining days from day 3 to 7 (Fig. 2, B and D). In summary, the LmCDA2 transcripts were expressed in chitin-producing tissues, and the expression was dynamic underscoring the necessity for tight regulation of chitin modification during the development of the insect.
LmCDA2 Is Required for Locust Molting and Development-To investigate the function of LmCDA2, LmCDA2a, and LmCDA2b at molting, we sought to suppress their expression by injection of dsRNA against LmCDA2 into 2-day-old fifthinstar nymphs. The expression profiles of target genes were examined at 24 h after dsRNA injection by RT-qPCR. Doublestranded GFP (dsGFP) was used as control. The results showed that the expression of LmCDA2a and LmCDA2b were substantially down-regulated in the respective animals with a silencing efficiency higher than 95% compared with transcript levels in dsGFP-injected insects (Fig. 3A) . The dsGFP-injected nymphs could molt to adults successfully ( Fig. 3B, panel a) , whereas the dsLmCDA2-injected nymphs failed to shed the old cuticle and were trapped within the exuviae until they died. Their mortality was 80% ( Fig. 3B, panel d) . This phenotype was provoked also by injecting dsRNA against the splicing variant LmCDA2a, with a mortality of 85% ( Fig. 3B, panel b ). However, injection of dsRNA against the splicing variant LmCDA2b had no effect on nymph development, nymph-adult molting, and viability ( Fig.  3B , panel c). Injection of dsLmCDA2 into 2nd instar nymphs caused a similar phenotype (supplemental Fig. 5 ). These results indicate that LmCDA2a plays a vital role during L. migratoria development and molting.
LmCDA2 Localizes to the Apical Site of the Procuticle-To scrutinize the biological role of LmCDA2, we sought to analyze its localization by immunofluorescence study of the integument. We first showed that the Drosophila CDA2 (Verm)-specific antibody recognizes LmCDA2 by mass spectrometry and Western blotting analyses (supplemental Figs. 1-4 and supplemental Table 1 , see also "Experimental Procedures"). Then, we used this antibody for immunodetection experiments. A positive signal was found in both old and newly formed cuticles of the dsGFP-injected nymphs. This signal was visible at the apical site of the procuticle, but only a weak signal was detected in the dsLmCDA2-injected nymphs (Fig. 4A ). Taken together, we conclude that dsLmCDA2 injection not only suppressed LmCDA2 transcript levels but consequently reduced LmCDA2 protein accumulation ( Fig. 4A and supplemental Fig. 4 ). We also conclude that LmCDA2 localizes to the apical site of the procuticle (Fig. 4A ).
LmCDA2 Is Needed for Chitin Organization during Cuticle Differentiation-To address why locusts failed to molt after dsLmCDA2 injection, we analyzed the ultrastructure of the nymphal new cuticle with reduced LmCDA2 expression by transmission electron microscopy (TEM). In the nymphs injected with dsGFP, as traced by the crescentic orientation of the pore canals, the procuticle of the body cuticle harbored helicoidally arranged chitin laminae that according to Bouligand (25) appear as alternating electron-dense and electronlucid horizontal stripes (Fig. 4B ). In the dsLmCDA2-injected nymphs, the procuticle had lost its laminar organization. Some faint striations close to the epidermal cells were occasionally visible, however. These probably reflected incomplete downregulation of LmCDA2 expression. In addition, as judged by the straight pore canals, these laminae were not stacked helicoidally. Furthermore, the procuticle of the dsLmCDA2-injected insects was thicker than the procuticle of the dsGFPinjected insects (Fig. 4 , B and C), although the epicuticle was normal.
Chitin Amount Is Unchanged in dsLmCDA2-treated Nymphs-To determine whether the thicker procuticle of dsLm-CDA2-injected nymphs is due to increased chitin content, we compared the chitin amounts in dsGFP-and dsLmCDA2-injected insects. Clearly, there were no significant differences in chitin content between the two treatments ( Fig. 4D) . Thus, increased thickness of procuticle does not correlate with the chitin content.
LmCDA2 Is Needed for Tracheal Cuticle Formation and Feeding-To further evaluate the role of LmCDA2 in cuticle formation, we analyzed the tracheal and the foregut cuticle that are produced by epithelial cells. In dsLmCDA2-injected insects, the taenidiae, which constitute the spiral cuticle of the tracheal system running perpendicular to the length of tracheal tubes, lost their regular spacing and shape. Moreover, their cuticular layers are, in contrast to the plain layers in untreated animals, uneven ( Fig. 5A ). In particular, the regular shape of the chitinous procuticle appeared to be deformed. By contrast, we were unable to discern any defect in the foregut cuticle in dsLm-CDA2-injected insects compared with control insects (Fig. 5B ). However, in our feeding experiments, we demonstrated that dsLmCDA2-injected insects consumed less food than control insects and that their foregut contained less food than Predicted signal peptide residues are shaded in gray. The ChBD is boxed in purple. The blue shading highlights the conserved six cysteines in ChBD. Note that the spacing and amino acid composition between cysteines 3 and 4 (67-84 amino acids) and the sequence between cysteines 4 and 6 (84 -106 amino acids) differ between LmCDA2a and LmCDA2b. These differences might have an influence on chitin-binding efficiency and by consequence enzyme processivity. The green box indicates the low-density LDLa domain. The CDA is underlined in orange. The regions shaded in yellow indicate five conserved motifs, which are essential for the catalytic activity. The black region shows conserved amino acids. The residues coded by alternative exons are highlighted in red. C, phylogenetic analysis of homologous CDAs from different insect species using the neighbor-joining method of the MEGA version 5 software. Protein sequences are encoded by whole full-length cDNA sequences. The five groups are represented in different colors. D, phylogenetic tree was constructed using the alternatively spliced exon 3 of insect CDA2s applying the neighbor-joining method of MEGA version 5. LmCDA2a and LmCDA2b are marked with blue dots. The brackets embrace the two types of alternatively spliced variants. GenBank TM accession numbers are listed in Table 2 . their control counterparts (Fig. 5C ). Thus, LmCDA2 plays an important role in feeding, probably due to foregut malfunction, but it apparently is not needed for foregut procuticle organization.
Discussion
The insect cuticle is a complex apical extracellular matrix formed by the underlying epidermal cells (37) . The main component of the cuticle is the polysaccharide chitin that adopts an ordered organization to contribute to the physical properties of the cuticle. Despite some considerable amount of data, the molecular mechanisms of chitin organization are not well understood.
Here, we show that the chitin deacetylase LmCDA2 in L. migrato-ria is indispensable for chitin organization in the body cuticle and the tracheal system but not in the foregut.
LmCDA2 Function Is Essential in the Migratory Locust-Injection of dsRNA against LmCDA2 into L. migratoria nymphs arrests fifth-instar eclosure. The respective insects are unable to molt and eventually die. Thus, LmCDA2 is responsible for the nymph-adult molts. Similarly, in D. melanogaster, mutations in the verm gene coding for a CDA2-type enzyme are embryonic lethal. D. melanogaster mutant embryos for both verm and serp (coding for CDA1) display a stronger phenotype than either single mutant embryo (16) . This indicates a partially redundant function of CDA1-and CDA2-type chitin deacetylases in D. melanogaster. To what extent A secondary Cy3-Affinipure donkey anti-rabbit antibody was applied to detect the anti-Verm antibody (red). Sections were counterstained with FB28 to visualize chitin in the procuticle (blue signal). In dsGFP-injected locusts, LmCDA2 protein (red) localizes apical to the chitin signal (blue). Some red signal is visible in the epidermal cells, probably representing CDA2-containing vesicles. In dsLmCDA2-injected animals, only traces of LmCDA2 protein can be detected. The preimmune rabbit serum was used as negative control. Please note that in our experience the folding of the skin is random and therefore different between the specimens. Redundancy among chitin deacetylases is apparently common in insects. Our data indicate that the isoform LmCDA2a is essential, whereas activity of the isoform LmCDA2b seems to be dispensable for survival, although the patterns of LmCD2a and LmCD2b RNA accumulation are similar. Therefore, one may speculate that LmCDA2a (or any other chitin deacetylase) is able to replace LmCDA2b, although LmCDA2b is unable to rescue LmCDA2a suppression. A different complex situation involving chitin deacetylase isoforms is encountered in the red flour beetle T. castaneum. Despite similar expression patterns of the alternative spliced transcripts of TcCDA2, TcCDA2a, and TcCDA2b, the respective enzymes seem to have distinct functions. TcCDA2a is needed for the establishment of the soft femoral-tibial joint cuticle, and TcCDA2b is involved in the formation of the hard elytra (15) . Overall, these functional differences are surprising, because the respective isoforms differ only in their chitin-binding domain. The chitin-binding efficiencies of some chitinases may actually depend on differences in their ChBD sequences (26) . In turn, this might have an impact on enzyme processivity. Biochemical analyses of the CDA2 ChBDs shall shed light on this problem.
There are more examples of non-redundant relationships between chitin deacetylases. Non-redundancy is, for instance, observed in the honeybee Apis mellifera where the genes encoding CDA1 and CDA2 are expressed at different stages of development (27) . In L. migratoria, some cuticle types such as the foregut and the hindgut are not fully disrupted upon dsLm-CDA2 injection. If chitin organization in these tissues requires deacetylase function, this finding suggests that different nonredundant deacetylases are active in them. Taken together, to assess the full impact of chitin deacetylases in L. migratoria, identification and characterization of all LmCDAs are needed.
LmCDA2 Is Necessary to Establish Chitin Organization-Consistent with the data in D. melanogaster and T. castaneum, lethality of LmCDA2 down-regulation is correlated with tracheal and cuticular defects. Indeed, in D. melanogaster, the tracheal system is dysfunctional, and the helicoidal chitin organization in the body cuticle is lost when verm and serp are mutated (16 -18) . The newly adopted organization of chitin in these animals was not studied in detail.
In this work to interpret chitin organization in dsLmCDA2treated locusts, we followed the arguments of Neville et al. (3, 4) , who showed that helicoidal chitin arrangement is accompanied by crescent pore canals, although straight pore canals are found in cuticle types with unidirectional chitin microfibril orientation. Following this line of argument, we show that helicoidal chitin arrangement is lost when LmCDA2 expression is knocked down by RNAi in L. migratoria. This phenotype is also observed in the verm and serp mutant D. melanogaster larval cuticle (18) . Instead, chitin microfibrils along the vertical axis of the cuticle, as judged by the straight pore canals, are oriented in parallel. This change in chitin architecture is accompanied by a loss of procuticle compactness.
These findings allow two fundamental conclusions. First, helicoidal packaging of chitin laminae is tighter than non-helicoidal packaging. Second, helicoidal arrangement of chitin laminae requires chitin deacetylation by LmCDA2. The aberrant chitin architecture may explain the lethal phenotype of LmCDA2 knocked down insects. Forces needed for eclosion may require mechanical properties of the cuticle conferred by helicoidally arranged chitin laminae rather than by unidirectional chitin laminae. By consequence, nymphs with reduced LmCDA2 function are unable to shed their old cuticle and die.
The situation is different in the foregut. In this tissue LmCDA2 is not needed for chitin organization. Nevertheless, nymphs with reduced LmCDA2 function consume less food than control nymphs. We reckon that LmCDA2 function in the foregut is required for correct mechanical properties of the cuticle without having a visible impact on chitin organization.
Model for Chitin Organization-What is the function of LmCDA2 during chitin lamina orientation? LmCDA2 localizes to the apical site of the procuticle. This observation argues that LmCDA2 is present at the initially produced chitin fibers that end up at the distal site of the procuticle. One possible interpretation is that deacetylation of chitin at the beginning of procu-ticle formation is necessary and sufficient for helicoidal chitin organization. Hence, LmCDA2 may modify the first chitin fibers produced but not be associated with further chitin fiber modifications. In our model (Fig. 6, A and B) , we speculate that the first laminae may serve as a template for a helicoidal arrangement of the entire procuticle. Presumably, in this scenario and according to the hypothesis of Neville (7) , proteins (yet unidentified) that specifically recognize and bind partially deacetylated chitin fix a microfibril conformation that dictates a helicoidal laminar architecture. Localization of LmCDA2 at the site between the pro-and epicuticle may rely on both the chitin-binding and the LDLa domains. The chitin-binding domain ensures association with the procuticle, while at the same time the LDLa domain anchors the proteins to the epicuticle, which contains lipids. Of course, this model has to be tested in appropriate genetic experiments in D. melanogaster and L. migratoria.
In summary, our data answer a fundamental question in insect biology, the organization of the cuticle formulated over 50 years ago by Neville (1) . The alternating production of helicoidally and non-helicoidally stacked chitin laminae in the locust tibia as observed by Neville (1) possibly depends on the circadian expression and deposition of LmCDA2 into the growing cuticle. Understanding the molecular mechanisms of cuticle construction in general and chitin organization in particular will potentially have a double impact on molecular agricultural sciences seeking to optimize insect pest control and on material sciences that are inspired by biological materials such as the insect cuticle.
Experimental Procedures
Insects-The egg masses of L. migratoria were incubated at 28 Ϯ 1°C, 50% relative humidity, and with a 14-h light/ 10-h dark photoperiod in the laboratory. After 10 days, the nymphs were reared on fresh wheat sprouts under the same conditions (28) . The wheat bran was supplemented after the nymphs reached third instar. Fifth-instar nymphs were used in this study.
Validation of cDNAs Putatively Encoding Chitin Deacetylases-Putative chitin deacetylase2 cDNA sequences were retrieved from the L. migratoria transcriptome by using bioinformatics methods (23) . Total RNA was extracted from the integument of fifth-instar nymphs by using RNAiso TM Plus (TaKaRa, Japan). The first-strand cDNA was synthesized from 1 g of total RNA by using Moloney murine leukemia virus reverse transcriptase (TaKaRa, Japan) and oligo(dT) 18 primer (Thermo Fisher Scientific). PCR was performed with the cDNA and a pair of gene-specific primers (Table 1) . After specific fragments were purified with the gel purification kit (Omega), each purified product was ligated into the pEASY-T3 vector (Trans-Gen, China). The recombinant plasmid was used to transform Escherichia coli, and positive colonies were identified by bacterial colony PCR. The cDNAs were sequenced in both directions by the Thermo Fisher Scientific.
Bioinformatic Analysis-Conceptual translation of cDNA sequences was carried out with translation tools at ExPASy. Alignments of deduced amino acid sequences of LmCDA2 were conducted with GeneDoc software. Signal peptide was pre-dicted using SignalP version 4.1 software. Analyses of conserved regions, including the chitin-binding/peritrophin-A domain (ChBD), a low-density lipoprotein receptor class A domain (LDLa), and polysaccharide deacetylase-like catalytic domain (CDA), were conducted with BlastP tools at the NCBI website. Multiple alignments of sequences were conducted by using ClustalX version 1.81 software. MEGA version 5.0 was utilized to construct the phylogenetic tree with the neighborjoining method (29) . Bootstrap analysis was performed by 1000 replications at the cutoff of 50% similarity. The name of genes and the accession numbers are listed in Table 2 .
The gene structure was determined by searching the L. migratoria genome with LmCDA2 cDNA sequences as queries by using the NCBI Blast tool. Exons and introns were determined by comparing the genomic DNA and cDNA sequences, and the GT-AG rule was applied to determine the exon-intron boundaries. The exon-intron organization was graphed using the Adobe Illustrator CS3 software (Adobe). Tissue-specific and Developmental Expression Analysis of LmCDAs-Total RNA was extracted using RNAiso TM Plus (TaKaRa, Japan) from each of seven different tissues, including the integument, foregut, midgut, gastric caeca, hindgut, Malpighian tubules, and fat body, dissected from fifth-instar nymphs. A total of 45 nymphs were collected and grouped into three biological replications. The quality and quantity of total RNA were evaluated on 1% agarose gel and NanoDrop 2000 (Thermo). One g of total RNA was used to synthesize firststrand cDNA by using Moloney murine leukemia virus reverse transcriptase (TaKaRa, Japan). Each cDNA sample was diluted 20-fold for RT-qPCR analysis, and SYBR Green reagents were used according to the manufacturer (TOYOBO, Japan) with primers listed in Table 1 . The reaction consisted of 10 l of SYBR Green qPCR Master Mix (TOYOBO, Japan), 6.4 l of deionized water, 2 l of diluted template, and 0.8 l of 0.4 M forward and reverse primers, followed by the following conditions: denaturation at 95°C for 1 min followed by 40 cycles at 95°C for 15 s, 60°C for 31 s with an ABI 7300 real time PCR machine (Applied Biosystems) using FastStart Universal SYBR Green Master. A melting curve was determined for each sample to detect the gene-specific peak and checked for the absence of primer-dimers. Relative transcript levels of target genes were calculated with the 2 Ϫ⌬⌬Ct method (30), and the target gene expression level was normalized to the expression of the internal marker gene ␤-actin (KC118986) (31) that is stably expressed at all stages and in all tissues. Three independent biological replicates were performed.
Functional Analysis of LmCDA2 by RNA Interference (RNAi)-RNAi was performed to reveal the biological role of LmCDA2 during development and the molting process of L. migratoria. The forward and reverse primers harboring T7 RNA polymerase promoter sequences for synthesizing dsRNA of LmCDA2 (dsLmCDA2) and GFP (dsGFP, control) genes were designed using the E-RNAi web service ( Table 1 ). The region (588 -1083 bp) common for both variants was used for dsLmCDA2 synthesis, the splicing region "186 -325 bp" for dsLmCDA2a and "190 -316 bp" for dsLmCDA2b synthesis. PCR was performed to prepare the cDNA templates for synthesis of the dsLmCDA2 and dsGFP constructs, and single bands of expected PCR product size were verified on a 1% agarose gel. Concentrations of PCR products were determined by Nano-Drop 2000 (Thermo Scientific). Two micrograms of PCR product was used as template to synthesize dsLmCDA2 and dsGFP using T7 RiboMAX TM Express RNAi System (Promega) (32) . The synthesized dsLmCDA2 and dsGFP were dissolved in the appropriate volumes of deionized water, and the concentration was determined and adjusted to 2.5 g/l. Integrity of dsLmCDA2 and dsGFP were confirmed using 1% agarose gel analysis.
The 2nd-day-old fifth-instar nymphs were randomly divided into four groups (each with 40 nymphs) for injection of each dsRNA sample. Aliquots of 2.5 l (6.25 g) of dsLmCDA2, dsLmCDA2a, dsLmCDA2b, or dsGFP were injected into the hemocoel between the second and third abdominal segments by using a microinjector (Ningbo, China). To determine silencing efficiency, relative transcript levels of LmCDA2, LmCDA2a, and LmCDA2b were measured at 24 h after the injection of dsRNA by RT-qPCR as described above. Three biological and two technical replicates were applied for dsGFP, dsLmCDA2, dsLmCDA2a, and dsLmCDA2b injections. The remaining nymphs were maintained under the same conditions as described above. The visible phenotype changes were recorded every day until the nymphs started to molt to adults.
Immunohistochemistry-To analyze LmCDA2 protein localization, immune staining was performed as described (33) . In brief, paraffin sections (5 m) of the third abdominal segments from nymphs 9 days after injection of dsGFP or dsLmCDA2 in 2-day-old 5th-instar nymphs were prepared. The LmCDA2 protein was detected in paraffin section with the Drosophila Verm rabbit antiserum (1:300) (16) as a primary antibody at 4°C overnight followed by washing with PBS three times for 5 min each. Then tissues were incubated with Cy3-Affinipure donkey anti-rabbit (Jackson ImmunoResearch) as secondary antibody for 1 h at room temperature. After washing the tissues three times with PBS, specimens were incubated with Fluorescent Brightener 28 (FB28) (Sigma) (1 mg/ml) for 5 s to detect chitin (34) . The preimmune rabbit serum was used as negative control. We verified that the D. melanogaster Verm antibody cross-reacts with LmCDA2 in Western blotting and mass spectrometry experiments as shown in supplemental Figs. 1-4 . Images were captured on an LSM 880 confocal laser-scan- ning microscope (Zeiss, Germany) equipped with a UV (405 nm) and a visible (561 nm) laser to excite FB28 and Cy3-Affinipure donkey anti-rabbit (Jackson ImmunoResearch), respectively. TEM Examination after RNAi-TEM analysis was performed according to the described method (35) . In brief, the cuticular structure of fifth-instar nymphs was examined at day 9 after dsRNA injection. The integument of the third abdominal segment and the foregut were dissected from each of three locusts and fixed with 3% glutaraldehyde in 0.2 M phosphate buffer (pH 7.2) for 48 h at 4°C. The samples were then rinsed three times with the phosphate buffer followed by post-fixation in 1% osmium tetroxide for 3 h at 4°C. The integument samples were washed twice, each for 10 min, and put into a series of ascending concentrations of acetone (50, 70, 80, 90, and 100%) for dehydration. They were embedded in Epon 812 at room temperature for 2 h. The samples were trimmed to prepare ultrathin sections. Sections were collected on copper grids, and images were captured with a JEM-1200EX transmission electron microscope (JEOL, Japan).
Chitin Content Analysis-The first, second, and third abdominal segments were dissected from the fifth-instar nymphs at day 9 for chitin content analysis. After the segments were dried at 90°C until cuticle weight was stable, chitin preparation and chitin content measurements were performed based on the method described (36) . Ten biological replicates (each with three technical replicates) were used for each of the dsLm-CDA2-and dsGFP (control)-injected groups.
Assessment of Food Consumption-To determine the food consumption of the fifth-instar nymphs after treating with dsRNA, fresh wheat was provided to insects, and the consumed food of nymphs was measured after 5 days. In addition, the content of the foregut of these nymphs was determined. Twelve 2-day-old fifth-instar nymphs were treated with dsGFP (control) or dsLmCDA2, respectively. Three biological replicates were used for each group.
Statistical Analysis-The one-way analysis of variance test of the SPSS software (SPSS Inc., Chicago) was applied to analyze differences between tissues and developmental stages. Statistical significance was determined using the Tukey test. The t test was carried out for silencing efficiency, cuticle thickness, and food uptake after RNAi. Asterisks indicate significant differences (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001). 
